. Interleukin-10 protects cultured fetal rat type II epithelial cells from injury induced by mechanical stretch.
MECHANICAL FORCES GENERATED in utero by repetitive breathing movements and by fluid distension are essential to mammalian lung development (12, 16, 21) . Paradoxically, many premature infants born with underdeveloped lungs are exposed to excessive, non-physiological levels of stretch. This may result in ventilator-induced lung injury, which plays an important role in the pathogenesis of bronchopulmonary dysplasia (BPD), a chronic inflammatory lung disease with serious short-and long-term morbidities (10) . Excessive stretch of the lung by mechanical ventilation can disrupt the integrity of the alveolar-capillary barrier, resulting in interstitial and alveolar edema. Neutrophils and macrophages recruited to the lung can then trigger and amplify an injury response by releasing cytokines and other inflammatory mediators (40) .
Several proinflammatory cytokines and chemokines such as TNF-␣, IL-1␤, IL-6, IL-18, MIP-2, and MCP-1, etc., have been shown to be increased in the lung after injury. IL-8 is probably one of the most important chemotactic factors during the acute phase of lung inflammation (25) . IL-8 is secreted by alveolar macrophages, fibroblasts, type II pneumocytes, and endothelial cells (41) . In contrast, IL-10 is a cytokine with potent antiinflammatory properties due to its ability to decrease synthesis and secretion of inflammatory cytokines (28) . IL-10 appears to be a key temporal regulator of normal gestational length, and its unscheduled premature withdrawal at the maternal-fetal interface is associated with preterm labor and birth (9, 22, 26) . IL-10 also protects the host from systemic inflammation after toxin-induced injury (17) . In the lung, low IL-10 concentrations have been found in the bronchoalveolar lavage of patients with BPD (14, 27, 37) . It has been postulated that the increased levels of proinflammatory cytokines present in the lung of infants with BPD may reflect the inability to regulate inflammation through low expression of IL-10 (11).
Type II epithelial cells are key components of the alveolar structure. Not only do they secrete surfactant, but they also participate in fluid homeostasis in the alveolar lumen, host defense, and restoration of normal alveolar epithelium after lung injury (30) . Physiological mechanical stimulation of alveolar type II cells is important for surfactant secretion (49) and surfactant protein gene expression (31) . However, alveolar type II epithelial cells can also be exposed to overstretch and therefore to injury secondary to mechanical ventilation. Previous in vitro studies in adult rat type II epithelial cells have demonstrated that excessive stretch can induce apoptosis (6, 7) and cell membrane stress failure (46) resulting in cell death (43) . In addition, cyclic stretch of adult type II cells can also promote inflammation by stimulating IL-8 (47, 50) and MCP-1 (8) . However, since BPD normally occurs in premature infants, it is important to investigate how underdeveloped lungs respond to mechanical injury.
Therefore, the objective of these studies was to evaluate the response of fetal type II epithelial cells to injury secondary to stretch. We hypothesized that fetal type II epithelial cells contribute to lung inflammation by creating an imbalance between pro-and anti-inflammatory cytokines. We further speculated that IL-10 administration would protect type II cells from injury secondary to excessive stretch. We used an in vitro model system in which rat fetal type II cells isolated on embryonic day 19 (E19) of gestation (transition from canalicular to saccular stages of lung development) were exposed to stretch to simulate mechanical forces during lung development or lung injury. Our studies revealed that excessive stretch of fetal type II cells induced necrosis, apoptosis, proliferation, and inflammation. IL-10 administration protected fetal type II cells from injury mediated by stretch.
MATERIALS AND METHODS
Cell isolation and stretch protocol. Animal experiments were approved by the Lifespan Institutional Animal Care and Use Committee. Fetal rat lungs were obtained from timed-pregnant SpragueDawley rats (Charles River, Wilmington, MA), and E19 type II cells were isolated as previously described (34) . Briefly, after collagenase digestion, cell suspensions were sequentially filtered through 100-, 30-, and 20-m nylon meshes using screen cups (Sigma). The filtrate from the 20-m nylon mesh, containing mostly fibroblasts, was discarded. Clumped nonfiltered cells from the 30-and 20-m nylon meshes were collected after several washes with DMEM to facilitate the filtration of nonepithelial cells. Further type II cell purification was achieved by incubating the cells in 75-cm 2 flasks for 30 min. Nonadherent cells were collected and cultured overnight in 75-cm 2 flasks containing serum-free DMEM. The purity of the type II cell fraction was determined to be 90 Ϯ 5% by microscopic analysis of epithelial cell morphology and immunostaining for cytokeratin/surfactant protein C and vimentin as markers of epithelial cells and fibroblasts, respectively (35) . After overnight culture, type II epithelial cells were harvested with 0.25% (wt/vol) trypsin in 0.4 mM EDTA and plated at a density of 10 ϫ 10 5 cells/well on Bioflex multiwell plates (Flexcell International, Hillsborough, NC) precoated with fibronectin (1.5 g/ cm 2 ). Plates containing adherent cells were maintained for an additional 24 h in serum-free DMEM and then were mounted in a Flexcell FX-4000 Strain Unit (Flexcell International). Equibiaxial stretch of 5% or 20% was applied at intervals of 40 cycles/min for 6 h or 24 h. Cells grown on nonstretched membranes were treated in an identical manner and served as controls.
Lactate dehydrogenase assay. Lactate dehydrogenase (LDH) activity was measured using a CytoTox 96 non-radioactive cytotoxicity assay (Promega) according to the manufacturer's protocol. This assay measures LDH release into the supernatant upon cell lysis. LDH was analyzed with a coupled enzymatic assay that results in the conversion of a tetrazolium salt into a red formazan product. The amount of color formed is proportional to the number of lysed cells. Absorbance at wavelength 490 nm was collected using a standard 96-well plate reader (ELX800, Bio-Tek Instruments). LDH was quantified by dividing experimental LDH release by maximum LDH release (calculated after complete lysis of monolayers containing similar number of cells to the samples. This value was used as a common denominator for all the samples tested).
TUNEL assay. Detection and quantification of apoptotic cells was performed by use of TUNEL by a fluorescein label apoptosis detection system (Promega, Madison, WI) as previously described in detail (33) . Briefly, after experimental conditions, E19 monolayers were fixed in freshly prepared 4% paraformaldehyde in PBS for 25 min at 4°C and permeabilized by immersion in 2.0% Triton X-100 in PBS. Positive controls were cells treated with DNase I to induce DNA fragmentation. Monolayers were incubated at 37°C for 60 min in equilibration buffer, 2-deoxynucleotide 5Ј-triphosphate, and TdT enzyme as per the manufacturer's protocol. A further control was prepared by omitting the TdT enzyme. Samples were washed in PBS, mounted with Vectashield mounting medium with propidium iodide (Vector Laboratories), and analyzed by fluorescence microscopy. For quantification of apoptotic cells, 50 high-power fields per sample were analyzed. Areas from each membrane quadrant were randomly chosen and photographed. Cells containing green fluorescence and either nuclear condensation or chromatin fragmentation (without nuclear morphological changes) were identified as apoptotic cells. Results were expressed as TUNELpositive index (number of TUNEL-positive cells per number of total cells).
Western blot analysis of caspase-3. E19 type II cells were exposed to 20% stretch for 24 h. Unstretched samples were used as controls. Monolayers were lysed with RIPA buffer containing protease inhibitors (34) . Lysates were centrifuged, and total protein contents were determined by the bicinchoninic acid method. Equal amount of protein lysate samples (20 g) were fractionated by NU-PAGE Bis-Tris (4 -12%) gel electrophoresis (Novex, San Diego, CA) and transferred to polyvinylidene difluoride membranes. Blots were hybridized with polyclonal antibody against the 17/19-kDa cleaved caspase-3 (Cell Signaling Technology, Beverly, MA) to detect activated caspase-3. Secondary antibody was conjugated with horseradish peroxidase; blot was developed with an enhanced chemiluminescence (ECL) detection assay (Amersham Pharmacia Biotech, Piscataway, NJ). Membranes were then stripped and reprobed with antibodies to full-length caspase-3 (Santa Cruz Biotechnology, Santa Cruz, CA) and actin and processed as described before. The intensity of the bands was analyzed by densitometry.
Type II cell proliferation assay. Measurements of cell proliferation were analyzed by DNA incorporation of the thymidine analog 5-bromo-2Ј-deoxyuridine (BrdU) as described by the manufacturer (Boehringer Mannheim). Briefly, cultures (ϳ60% confluence) were maintained in the mechanically active conditions or not, and immediately before each experiment, fresh medium containing 10 M BrdU labeling reagent was added to each well. At the end of each experiment, monolayers were washed with PBS and then fixed in 100% methanol for 20 min at Ϫ20°C. Cells were then washed and incubated with anti-BrdU antibody (negative controls were incubated with PBS) followed by incubation with fluorescein-conjugated secondary antibody and mounted with Vectashield mounting medium with DAPI (Vector Laboratories). Slides were examined, photographed, and counted under an Olympus bright-field fluorescence microscope. For quantification of BrdU-positive cells, 50 high-power fields per sample were analyzed.
Concentration of cytokines in the supernatant. After experiments, cell culture medium was collected and stored at Ϫ80°C before analysis. Cytokine concentration in the supernatant was measured using commercial ELISA kits according to the manufacturer's recommendations (TNF-␣: Quantikine, R&D Systems, Minneapolis, MN, cat. no. RTA00; IL-8: Assay Designs, Ann Arbor, MI, cat. no. 900-074; IL-10: Bio-Plex Cytokine Assay, Bio-Rad Laboratories, Hercules, CA, cat. no. 171-K11070). The optical density was determined photometrically at 450 nm using the ELISA plate reader EL X800 (Bio-Tek Instruments). The ELISA kits have a minimum detectable concentration of 5 pg/ml for TNF-␣, 7.75 pg/ml for IL-8, Fig. 1 . Effect of stretch on type II cell cytotoxicity. Embryonic day 19 (E19) type II cells were exposed to 5% or 20% stretch for 6 h or 24 h. Cell lysis was assayed by lactate dehydrogenase (LDH) released into the supernatant. Results are expressed as experimental minus background LDH release divided by maximum LDH release. Results are means Ϯ SE from 4 different experiments. and 4.91 pg/ml for IL-10. Cytokine levels were within the assay's detection limit in all samples.
Real-time PCR (qRT-PCR).
Total RNA was extracted from E19 type II cells exposed to 20% stretch for 24 h or parallel unstretched samples by a single-step method, as previously described (32) , and purified further with the RNeasy Mini Kit (Invitrogen). Standard curves were generated for each primer set and housekeeping gene 18S ribosomal RNA. Linear regression revealed efficiencies between 96 and 99%. Therefore, fold expressions of stretched samples relative to controls were calculated using the ⌬⌬C T method for relative quantification (RQ) as previously described (48) . Samples were normalized to the 18S rRNA. No differences in RQ values for 18S were found between control and strain samples. TaqMan primers were purchased from Assays-on-Demand gene expression products (Applied Biosystems). The following primers were used: TNF-␣ (cat. no.: Rn99999017_m1), GROCINC-1 (rat equivalent of IL-8) (5Ј primer: CATTAATATTTAACGATGTGGATGCGTTTCA; 3Ј primer: GCCTACCATCTTTAAACTGCACAAT), IL-10 (cat. no.: Rn99999012_m1) and 18S (cat. no.: Hs99999901_s1). Five micrograms of total RNA was reverse-transcribed into cDNA by the Superscript Double Stranded cDNA Synthesis Kit (Invitrogen). To amplify the cDNA by qRT-PCR, 5 l of the resulting cDNA were added to a mixture of 25 l of TaqMan Universal PCR Master Mix (Applied Biosystems) and 2.5 l of 20ϫ Assays-on-Demand Gene Expression Assay Mix containing forward and reverse primers and TaqMan-labeled probe (Applied Biosystems). The reactions were performed in an ABI Prism 7000 Sequence Detection System (Applied Biosystems). All assays were performed in triplicate.
Statistical analysis. Results are expressed as means Ϯ SE from at least three experiments, using different litters for each experiment. For qRT-PCR and caspase-3 experiments, stretched samples were compared with controls by unpaired Student's t-test. For multiplegroup comparisons, data were analyzed with ANOVA followed by post hoc tests. P Ͻ 0.05 was considered statistically significant.
RESULTS
Effect of stretch on fetal type II cell cytotoxicity. Previous studies have found that too much stretch of adult type II cells can damage the cell membrane leading to cell death (7, 23) . Therefore, we first investigated whether a "physiological" level of stretch (5%) or a more injurious magnitude of stretch (20%) can induce lysis in fetal cells. Isolated E19 type II cells were exposed to 5% or 20% stretch for 6 h or 24 h; cell lysis was analyzed by LDH release into the supernatant. These studies revealed that 5% or 20% stretch for 6 h increased LDH release into the supernatant by 29% or 46%. After 24 h, LDH release increased by 39% (0.50 Ϯ 0.05) or 55.5% (0.56 Ϯ 0.08) after 5% or 20% stretch, respectively, compared with unstretched samples (0.36 Ϯ 1.18) (Fig. 1) . 
Overstretch of fetal type II epithelial cells induces apoptosis.
Cell death can also be mediated via apoptosis (6, 7) . Thus, we studied next whether different stretch protocols promote apoptosis. Isolated fetal type II epithelial cells were exposed to 5% or 20% stretch for 6 h or 24 h. Apoptosis was assessed by TUNEL assay. Five percent stretch for 24 h increased apoptosis 2.5-fold, although it was not statistically significant. In contrast, 20% stretch for either 6 h or 24 h significantly increased the number of TUNEL-positive cells 10-fold (control ϭ 3.58 Ϯ 0.18, stretch ϭ 34.37 Ϯ 4.96) and 9-fold (control ϭ 6.63 Ϯ 0.21, stretch ϭ 59 Ϯ 6.96), respectively, compared with unstretched samples (Fig. 2A) . These data suggest that apoptosis depends on the magnitude of stretch. Representative E19 TUNEL fluorescence photomicrographs are shown in Fig. 2B . Cleaved caspase-3, a key executioner protein in apoptosis, was also markedly increased (8-fold) after 20% stretch for 24 h (0.78 Ϯ 0.05 vs. 6.17 Ϯ 0.93) compared with unstretched samples (Fig. 2C) , supporting our TUNEL assay results.
Stretch stimulates fetal type II cell proliferation. Next, we analyzed the effect of stretch on type II cell proliferation. After 6 h of cyclic stretch, neither 5% nor 20% stretch significantly stimulated type II cell proliferation. In contrast, 20% stretch for 24 h increased BrdU incorporation twofold compared with nonstretched samples (6.4 Ϯ 0.29 vs. 15.4 Ϯ 2.4) (Fig. 3A) . Representative fluorescence immunocytochemistry fields from fetal lung type II epithelial cells exposed to 20% stretch for 24 h and parallel nonstretched cells are shown in Fig. 3B .
Effect of stretch on cytokine stimulation. Previous experiments in adult type II epithelial cells have demonstrated that
stretch stimulates release of chemokines and cytokines (8, 47) . Therefore, we studied whether fetal type II cells show similar response to mechanical stimulation. E19 type II cells were exposed to 5% or 20% of cyclic stretch for 6 h or 24 h. Culture supernatants were collected, and cytokines released into the media were analyzed by ELISA, as described in MATERIALS AND METHODS. Our studies found very low levels of TNF-␣ in the supernatant (Ͻ25 pg/ml). Stretch did not affect TNF-␣ concentration (Fig. 4A) , IL-1␤, or IL-6 (data not shown). In contrast, IL-8 increased sevenfold (17.3 Ϯ 6.2 vs. 119.8 Ϯ 17.6) and twofold (272 Ϯ 11 vs. 581 Ϯ 8.7) after 20% stretch for 6 h and 24 h, respectively (Fig. 4B) . Interestingly, an opposite effect was observed on the concentration of the anti-inflammatory cytokine IL-10 after stretch for 24 h. IL-10 decreased by 60% after 5% stretch (90.8 Ϯ 13.8 vs. 35.3 Ϯ 5) and by 80% (18.5 Ϯ 2.3) after 20% stretch compared with controls (Fig. 4C) . Next, we evaluated by qRT-PCR whether IL-8 and IL-10 gene expression were affected by stretch. Based on the ELISA results, we focused these experiments on 20% stretch for 24 h. As shown in Fig. 5 , stretch did not affect TNF-␣ mRNA gene expression. In contrast, 20% stretch for 24 h increased IL-8 mRNA fivefold (1.8 Ϯ 0.6 vs. 6.1 Ϯ 1.2), whereas IL-10 mRNA decreased by 35% (0.99 Ϯ 0.07 vs. 0.64 Ϯ 0.1) compared with unstretched samples. These data support our ELISA findings.
IL-10 administration decreases apoptosis and IL-8 release in fetal type II cells exposed to stretch. Based on the previous findings showing that 20% stretch increases cell death, proliferation, and the concentration of the proinflammatory cytokine IL-8 and decreases the amount of the anti-inflammatory cytokine IL-10, we assessed whether administration of IL-10 before stretch would abrogate some of the injury mediated by mechanical stretch. E19 type II cells were incubated with two different concentrations (100 ng/ml and 300 ng/ml) of rat recombinant IL-10 (rIL-10) before 20% stretch for 24 h. As shown in Fig. 6A , preincubation of type II cells with rIL-10 did not change cell cytotoxicity (as measured by LDH release) or proliferation (data not shown) compared with 20% stretch samples without IL-10. In contrast, apoptosis and IL-8 release were reduced gradually as the concentrations of rIL-10 increased (Fig. 6, B and C) . The TUNEL index decreased by 42% in samples preincubated with 300 ng/ml rIL-10 compared with stretched samples without IL-10 (53 Ϯ 3.6 vs. 31 Ϯ 3.6). Similarly, IL-8 release into the supernatant decreased by 15% (383 Ϯ 21) (100 ng/ml rIL-10) and by 25% (339 Ϯ 15) (300 ng/ml rIL-10) compared with untreated samples (450 Ϯ 45). These results support a protective role of IL-10 in fetal type II cells exposed to stretch.
DISCUSSION
The main findings of this study are that injury mediated by stretch of cultured fetal rat type II epithelial cells had opposite effects on IL-8 and IL-10 production. These events promote cell death via necrosis and apoptosis and cellular proliferation. Remarkably, administration of IL-10 protected type II cells from injury secondary to stretch by decreasing apoptosis and IL-8 production.
In our investigations, we used two stretch protocols (5% or 20%) to simulate mechanical forces during lung development or lung injury, respectively. During intrauterine life, the fetus makes episodic breathing movements starting in the first trimester and increasing in frequency up to 30% of the time by birth (12) . Although the actual stretch forces to which fetal type II epithelial cells are exposed during lung development are not clearly established, previous studies have suggested that fetal breathing movements may result in repetitive changes in distal lung surface area of ϳ5% (12) . To mimic type II cell injury, we utilized a 20% stretch regimen, which roughly corresponds to a lung inflation of 80% of total lung capacity in adult rats (43) .
Mechanical forces can directly disrupt epithelial cell membranes causing cell death via necrosis (45) . Our data indicate that 5% stretch and particularly 20% stretch causes necrosis, most likely mediated by plasma membrane stress failure (46) . Similar results have been found in adult (7) and fetal rat lung cells (23) exposed to stretch. Putting these results in context, such a degree of deformation could result in type II cell membrane destruction and damage of neighboring cells secondary to release of proinflammatory mediators and other cytosolic components (44) .
Apoptosis, in the range of 0 -3%, is a physiological event during lung morphogenesis (33, 36) . However, excessive apoptosis of epithelial cells can disrupt the epithelial barrier and increase the alveolar-capillary permeability causing alveolar edema and therefore contributing to lung injury and BPD (18) . Our investigations demonstrated a significant increase of apoptosis in type II cells exposed to 20% stretch. Previous studies had also found that cyclic stretch of adult rat type II cells induces apoptosis (6, 7) , suggesting that programmed cell death is a key mechanism associated with stretch-mediated lung injury. The present data also show that 20% elongation for 24 h promotes type II cell proliferation. Increased apoptosis and concomitant epithelial cell proliferation was also demonstrated in lung tissue sections from preterm infants who required mechanical ventilation (19) and in fetal sheep lungs following intra-amniotic endotoxin stimulation (13) .
A key finding from our studies is that IL-8 and IL-10 secretions are influenced by stretch. Under basal conditions, both IL-8 and IL-10 concentrations increased over time (see control samples at 6 h and 24 h in Fig. 4 , B and C) suggesting that under nonstimulated conditions, IL-10 may have a counterregulatory effect to minimize inflammation. However, after 24 h of cyclic stretch, this potential protective effect is lost. Whereas IL-8 secretion is further stimulated by 5% or 20% stretch, IL-10 values were decreased with higher magnitudes of stretch. Previous studies also found that cyclic stretch of human alveolar type II cells enhanced both gene expression and release of IL-8 in a stretch amplitude-dependent manner, whereas no effect was observed on TNF-␣ release (47) . Failure of increase in IL-10 release was also noticed in rat adult alveolar type II cells when high amplitude of stretch (30%) was applied (8) . Together, these results support our hypothesis and suggest that one of the potential mechanisms for the inflammatory response of fetal type II cells to mechanical injury is the imbalance between pro-and anti-inflammatory cytokines. The cellular mechanisms regulating stretch-induced cytokine production are not clearly established. Past studies have involved calcium channels (4), mitogen-activated protein kinase pathways (15, 29) , and stress failure of the plasma membrane (44) .
One of the novelties of our experiments with potential translational implications is that preincubation with recombinant IL-10 attenuated apoptosis and IL-8 release in fetal type II cells exposed to high amplitude of stretch. We did not observe any protective effect on LDH release. A plausible explanation is that stretch-induced release of LDH might be principally mediated by disruption of the cell membrane, and, therefore, independent of IL-10 receptor and downstream signaling pathways. IL-10 administration was found to decrease the proinflammatory cytokines IL-1␤, IL-8, and macrophage inflammatory protein-1␣ (MIP) in cultured macrophages and neutrophils isolated from newborns (5, 14, 42) . In animal models of acute lung injury generated by immune complexes or LPS administration, intratracheal instillation of IL-10 also reduced inflammation by decreasing neutrophil accumulation and TNF-␣ expression (24, 39) . However, to our knowledge, the potential benefits of IL-10 treatment in experimental BPD induced by mechanical ventilation have not been investigated. Interestingly, in a murine model of lung injury, intratracheal delivery of low levels of adenoviral vectors expressing IL-10 was associated with improved outcome. However, increased systemic inflammation and worse outcome was observed with higher doses of adenoviruses (20) . These findings suggest that although IL-10 could be a feasible therapeutic option to target lung inflammation, excessive administration could be detrimental. Although further in vitro and in vivo studies are still necessary, we speculate that IL-10 might be a potential antiinflammatory agent in the prevention and/or treatment of BPD.
The mechanisms by which IL-10 administration reduces type II cell injury secondary to stretch are unknown. However, the IL-10/IL-8 axis could be the target for this effect. IL-10 could reduce apoptosis and IL-8 production by inhibiting the activation of NF-B, a pivotal transcription factor modulating inflammation (1) and stretch-induced IL-8 gene expression and release (15) . Another potential mechanism is by direct modulation of IL-8 receptors and IL-8 secretion or by downregulation of FasL expression via IL-8 (38) .
Our study has the limitations inherent to an in vitro experimental system in which E19 type II cells were isolated from their environment. Therefore, our results should be interpreted cautiously. However, recent in vivo studies (2, 3) have shown that mechanical ventilation of newborn mice induced apoptosis and impaired alveolar septation. These investigations propose that prolonged exposure to cyclic stretch might be an independent potential mechanism for disruption of lung development.
In summary, our results suggest that excessive stretch of fetal type II cells induces necrosis, apoptosis, and imbalance between pro-and anti-inflammatory cytokines. Although the data presented here need to be validated with in vivo models, our in vitro studies suggest that IL-10 might be a promising therapeutic strategy to prevent and/or minimize lung injury secondary to mechanical ventilation in premature infants susceptible to BPD.
